Applications of 2-deoxy-2-fluoro-D-glucose (FDG) in Plant Imaging: Past, Present, and Future by Amol Fatangare & Aleš Svatoš
fpls-07-00483 May 5, 2016 Time: 16:14 # 1
REVIEW




Iowa State University, USA
Reviewed by:
Ján A. Miernyk,














This article was submitted to
Plant Metabolism
and Chemodiversity,
a section of the journal
Frontiers in Plant Science
Received: 08 February 2016
Accepted: 25 March 2016
Published: 09 May 2016
Citation:
Fatangare A and Svatoš A (2016)
Applications of 2-deoxy-2-fluoro-
D-glucose (FDG) in Plant Imaging:
Past, Present, and Future.
Front. Plant Sci. 7:483.
doi: 10.3389/fpls.2016.00483
Applications of 2-deoxy-2-fluoro-
D-glucose (FDG) in Plant Imaging:
Past, Present, and Future
Amol Fatangare† and Aleš Svatoš*
Research Group Mass Spectrometry/Proteomics, Max Planck Institute for Chemical Ecology, Jena, Germany
The aim of this review article is to explore and establish the current status of 2-deoxy-
2-fluoro-D-glucose (FDG) applications in plant imaging. In the present article, we review
the previous literature on its experimental merits to formulate a consistent and inclusive
picture of FDG applications in plant-imaging research. 2-deoxy-2-fluoro-D-glucose is a
[18F]fluorine-labeled glucose analog in which C-2 hydroxyl group has been replaced by
a positron-emitting [18F] radioisotope. As FDG is a positron-emitting radiotracer, it could
be used in in vivo imaging studies. FDG mimics glucose chemically and structurally. Its
uptake and distribution are found to be similar to those of glucose in animal models.
FDG is commonly used as a radiotracer for glucose in medical diagnostics and in vivo
animal imaging studies but rarely in plant imaging. Tsuji et al. (2002) first reported FDG
uptake and distribution in tomato plants. Later, Hattori et al. (2008) described FDG
translocation in intact sorghum plants and suggested that it could be used as a tracer for
photoassimilate translocation in plants. These findings raised interest among other plant
scientists, which has resulted in a recent surge of articles involving the use of FDG as
a tracer in plants. There have been seven studies describing FDG-imaging applications
in plants. These studies describe FDG applications ranging from monitoring radiotracer
translocation to analyzing solute transport, root uptake, photoassimilate tracing, carbon
allocation, and glycoside biosynthesis. Fatangare et al. (2015) recently characterized
FDG metabolism in plants; such knowledge is crucial to understanding and validating
the application of FDG in plant imaging research. Recent FDG studies significantly
advance our understanding of FDG translocation and metabolism in plants but also raise
new questions. Here, we take a look at all the previous results to form a comprehensive
picture of FDG translocation, metabolism, and applications in plants. In conclusion, we
summarize current knowledge, discuss possible implications and limitations of previous
studies, point to open questions in the field, and comment on the outlook for FDG
applications in plant imaging.
Keywords: 2-deoxy-2-fluoro-D-glucose, FDG metabolism, F-sucrose, in vivo imaging, PET, photoassimilate
translocation, carbon allocation
INTRODUCTION
The field of radiotracer imaging involves the application of radioisotope-labeled compound
(radiotracer) to analyze the uptake and distribution of corresponding non-labeled analog, thus
helping to shed light on the underlying physiology or diagnostics. It incorporates the application
of both long-lived (e.g., 14C, 32P, 35S, etc.) and short-lived (e.g., 11C, 13N, 15O, 18F, etc.)
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radioisotope-labeled compounds. Many long-lived radioisotopes
emit low-energy beta particles which cannot escape thick tissue.
Thus, the destructive harvesting of tissue sample is necessary
at the end of a labeling period for an analysis of radiotracer
distribution (Webb and Gorham, 1964; Margolis et al., 1991;
Finazzo et al., 1994). This limits the number of cases where long-
lived radiotracers can be used to elucidate in vivo radiotracer
distribution pattern (in vivo imaging). On the other hand,
in vivo imaging could be easily achieved using positron-emitting
short-lived radiotracers [positron emission tomography (PET)-
radiotracers]. PET-radiotracer emits positron which, upon its
impact with and consequential annihilation by an electron,
give rise to two opposite anti-parallel high-energy gamma ray
photons. The resulting gamma photons are able to penetrate
thick tissue and allow for the spatiotemporal localization of
radioisotopes, and thus of the corresponding PET-radiotracer,
without destructive tissue sampling. Furthermore, due to the
short-half lives of positron-emitting radioisotopes, ranging
from minutes to several hours, radioactivity disappears quickly
from the subject tissue. This rapid disappearance makes PET-
radiotracers amenable to use in in vivo imaging studies without
long-lasting radioactivity effects. One such PET-radiotracers, 2-
deoxy-2-[18F]fluoro-D-glucose (18FDG, though for the current
review, we simply refer it to as FDG) has been extensively used
in in vivo clinical or animal studies to study tumor diagnostics,
functional brain imaging, disease progression, and physiological
and biochemical pathways (Alavi et al., 1982; Barrio et al., 1990;
Phelps, 2004; Schieferstein and Ross, 2013). Recently, FDG has
attracted the attention of plant scientists as it has been used
as a tracer for in vivo imaging in plants (Hattori et al., 2008;
Fatangare et al., 2014; Partelová et al., 2014; Meldau et al., 2015).
FDG has been proposed as a radiotracer for photoassimilate
in plant imaging studies (Hattori et al., 2008; Ferrieri et al.,
2012; Fatangare et al., 2014). However, few questions about
FDG applications in plant imaging remain unanswered. More
experimental research is being conducted to establish FDG as
a radiotracer in plants for photoassimilate translocation. In this
article, we review the previous literature on its experimental
merits to formulate a consistent picture of FDG applications
in plants imaging. We discuss the possible implications and
limitations of previous studies and comment on the potential
applications of FDG in plant research.
2-deoxy-2-[18F]fluoro-D-glucose
2-deoxy-2-[18F]fluoro-D-glucose is a [18F]fluorine labeled
glucose analog in which a hydroxyl group at the C-2 position
has been replaced by the [18F] radioisotope (Figure 1). [18F]
is a positron-emitting radioisotope with a half-life (t1/2) of
109.8 min. [18F] is synthesized in a cyclotron facility by a
18O(p,n)18F reaction (Ruth and Wolf, 1979) as depicted below.
18O + 1p→ 18F + 1n
After it is produced, [18F] is retained on a light quaternary
ammonium anion exchange Sep-Pak column and can be eluted
with an acetonitrile solution of Kryptofix[222]TM and potassium
carbonate. A nucleophilic substitution of mannose triflate by
FIGURE 1 | 2-deoxy-2-fluoro-D-glucose (18FDG/FDG).
[18F] with Kryptofix[222]TM as a catalyst yields FDG (Hamacher
et al., 1986; Yu, 2006; Schubiger et al., 2007). Finally, FDG
is purified from the reaction mixture using the series of
following columns: an anion exchange column, a C-18 reverse
phase column and an alumina column (Yu, 2006; Schubiger
et al., 2007). Due to a short half-life of [18F] and the risk
of radioactivity exposure, FDG synthesis is automated. Most
automatic synthesizers can routinely produce FDG yields in
the range of 55–60% within an hour from the starting of the
synthesis (Gomzina et al., 2002; Yu, 2006; Schubiger et al.,
2007). Once made, FDG is readily transported and utilized in
clinical or lab facilities for PET studies. Owing to its longer half-
life in comparison with other PET-radiotracers (for e.g.: 11C,
t1/2 = 20.4 min; 13N, t1/2 = 9.96 min), FDG is a suitable
radiotracer for in vivo imaging studies spanning several hours.
In addition, the mean dispersion range of emitted positrons is
shortest, thus allowing resolution in millimeter range (Sanchez-
Crespo et al., 2004). FDG chemically and structurally mimics
glucose and its uptake, and its distribution is found to be similar
to that of glucose in animal models (Som et al., 1977, 1980).
FDG is commonly used as a surrogate for radioactive glucose in
medical diagnostics and animal studies to trace the uptake and
metabolism of glucose in metabolically active tissue such as brain
tissue or cancer cells (Som et al., 1980; Alavi et al., 1982; Ung et al.,
2007).
Past Research on FDG Applications in
Plants
In total, there have been seven studies describing FDG
applications in plants. Tsuji et al. (2002) first reported FDG
uptake and distribution in tomato plants (Tsuji et al., 2002).
Later, Hattori et al. (2008) described FDG translocation in intact
sorghum plants and suggested that it could be used as a tracer
for photoassimilate translocation in plants (Hattori et al., 2008).
FDG has been used to study glycoside biosynthesis in plants
as a measure of plant response to defense induction (Ferrieri
et al., 2012). Recently, FDG has been utilized as a tracer for the
root-mediated uptake of glucosamine (glucosamine is a major
component of amino sugar nitrogen (ASN) base in the soil) (Li
et al., 2014). FDG has been used to visualize and quantify the
transport of solutes in plant tissue using PET imaging (Partelová
et al., 2014). We have compared the radioactivity distribution of
FDG to that of Ga-citrate and showed that FDG’s distribution
pattern and translocation route is distinct from other radiotracers
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on account of its chemical specificity (Fatangare et al., 2014).
Meldau et al. (2015) have demonstrated that FDG can be used
to study carbon allocation in Nicotiana plants that are being
attacked by herbivores (Meldau et al., 2015). In collaboration with
Meldau et al. (2015), we showed that FDG can be metabolized
into disaccharide compound in planta. Meldau’s study has
expanded the scope of applications of FDG by elucidating in vivo
carbon allocation in plants subjected to various biotic and abiotic
stresses. FDG uptake and metabolism in plant cells is crucial to
understanding and furthering FDG applications in plant imaging.
We have characterized the metabolism of FDG in the model plant
species Arabidopsis thaliana; we found that FDG is taken up by
plant cells and metabolized to various metabolites such as FDG-
6-phosphate (FDG-6-P), 2-deoxy-2-fluoro-maltose (F-maltose),
2-deoxy-2-fluoro-gluconic acid (F-gluconic acid) and uridine-
diphosphate-FDG (UDP-FDG) (Fatangare et al., 2015). These
studies have significantly advanced our understanding of FDG
translocation and metabolism in plants but have also raised new
questions. Here, we take a look at the previous results to form
a comprehensive picture of the translocation and metabolism of
FDG, and its applications in plants.
FDG UPTAKE AND TRANSLOCATION IN
PLANTS
Previous studies described three methods for promoting FDG
uptake in the plant as depicted in Figure 2. The first “uptake
through petiole,” involves cutting a mature leaf at a petiole and
applying FDG solution to the cut end of the petiole toward the
plant side (as in Tsuji et al., 2002; Ferrieri et al., 2012; Partelová
et al., 2014). The second is “uptake through leaf”. This involves
FIGURE 2 | Radiotracer uptake method. FDG is supplied to the plant
through cut petiole (a), pricked leaf (b), or root (c). In the first method, FDG
solution is applied to the cut petiole. In the second method, the mature leaf is
cut, pricked or scratched at the distal end, and FDG solution is applied to the
wounded region. In the third method, FDG solution is added to an aqueous
solution in which roots are placed.
wounding (cut/scratch/prick) a mature leaf at the distal end and
applying FDG solution to the wounded region (as in Hattori
et al., 2008; Fatangare et al., 2014, 2015; Meldau et al., 2015).
The third, “uptake through root,” involves dipping the plant’s
root in FDG solution (as in Li et al., 2014). Upon uptake, the
radioactivity associated with FDG translocates through the plant
vasculature in the form of ‘FDG and/or its metabolites, which
are cumulatively represented by [18F]-radioactivity. The resulting
[18F]-radioactivity translocation pattern and translocation route
depend upon the respective method of FDG uptake.
In the first method of FDG uptake (uptake through petiole),
the percentage of [18F]-radioactivity translocated to other plant
parts was significantly higher than that obtained by other
methods. [18F]-radioactivity translocation occurred via the xylem
(Tsuji et al., 2002). Cutting a leaf petiole results in tissue damage
at the cut site. Such tissue damage normally leads to callous
formation, which clogs and consequently blocks the transport of
phloem. Xylem transport, however, remains relatively unaffected.
Thus, the initial translocation of [18F]-radioactivity observed
in such cases could be mainly ascribed to xylem transport.
Radiotracer diffusion, xylem–phloem inter-transport and the
possible involvement of phloem transport could be the factors
shaping the observed distribution. Results obtained in Tsuji et al.
(2002), Ferrieri et al. (2012), and Partelová et al. (2014) could
be explained in light of the above assumption. In experiments
by Partelová et al. (2014), a cut leaf petiole was dipped in
FDG solution, and [18F]-radioactivity distribution in that leaf
was monitored. [18F]-radioactivity was initially observed in
leaf vascular tissue (major and minor leaf veins). In Partelová
et al. (2014), the translocation must have occurred mainly
via the xylem along with water transport under the influence
of transpirational pull. The translocation of [18F]-radioactivity
from the xylem to the leaf parenchyma tissue was low. The
extent of [18F]-radioactivity translocation in the leaf parenchyma
increased after high concentrations of glucose were added to
the FDG solution used to feed the plants. Increased [18F]-
radioactivity translocation can be attributed to the high osmotic
pressure and ionic strength of the applied FDG and glucose
mixture solution; these solutions resulted in a significant increase
in FDG diffusion and its translocation in the leaf parenchyma
(Partelová et al., 2014). In experiments by Ferrieri et al. (2012),
a cut leaf petiole (on the side of a plant rosette) was dipped
into FDG solution. In Ferrieri et al. (2012), [18F]-radioactivity
translocated opposite to the direction of xylem transport, i.e.,
from the leaf to the plant stem. We think that in such a case,
the initial [18F]-radioactivity translocation from petiole to stem
may have occurred mainly through the xylem. Both the diffusion
mechanism and the reverse pull on xylem flow in the petiole
arising from the transpiration pull from other above-ground
parts may contributed to this process. [18F]-radioactivity was
also observed in root or parts which were situated below the
fed petiole, an observation which could be only explained by
[18F]-radioactivity translocation via the phloem. Imaging results
showed that the [18F]-radioactivity translocated to both young
and mature orthostichous leaves. These observations indicate
the involvement of phloem transport in [18F]-radioactivity
translocation. A fraction of [18F]-radioactivity must have been
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translocated via the phloem. FDG may enter the phloem at the
cut petiole-end via direct loading or it may load along the petiole
via xylem–phloem inter-transport. However, these assumptions
should be experimentally tested. If true, the relative contribution
of the xylem vs. phloem transport in net [18F]-radioactivity
translocation is not clear and should be subject to further analysis.
In the second method of FDG uptake (uptake through leaf),
a mature leaf was cut at the distal end, and the cut end was
dipped into the FDG solution (as in Hattori et al., 2008). High
[18F]-radioactivity was seen in the leaf lamina near the site of
FDG application. [18F]-radioactivity in the other parts of the
leaf blade was mainly confined to vascular tissue (major and
minor leaf veins) and did not appear in the leaf lamina. Similar
results were noted by Rotsch et al. (2015) using fluorine-labeled
sucrose (F-sucrose). We think that localized FDG uptake resulted
in observed high [18F]-radioactivity in the leaf lamina near the
FDG application site and a fraction of the [18F]-radioactivity
was loaded into the phloem mainly via the apoplastic-route
of phloem loading. In Fatangare et al. (2014), experimenters
pricked mature leaf on three spots: two spots on the leaf lamina
and one spot on the leaf midrib. Here, FDG [18F]-radioactivity
applied to leaf-lamina spots may distinctly translocate via the
phloem, whereas the [18F]-radioactivity applied on the midrib
may have a mixed translocation route (via both the phloem and
xylem). [18F]-radioactivity preferentially translocated to young
leaves, shoots, and roots. Stem-girdling experiments showed that
the passage of [18F]-radioactivity was hindered at the girdling
site. These observations suggest that the translocation of [18F]-
radioactivity occurred exclusively via phloem. In Meldau et al.
(2015), FDG was applied to two spots on the leaf lamina.
This method avoided the direct introduction of radiotracer
into xylem flow by excluding the middle spot on the midrib.
Observations from the above three papers (Hattori et al., 2008;
Fatangare et al., 2014; Meldau et al., 2015) support the idea
that [18F]-radioactivity, when applied through the leaf lamina,
is translocated to other plant parts mainly via the phloem
in a manner similar to that of photoassimilate. However,
a few contradictions still exist. Meldau et al. (2015) found
that [18F]-radioactivity translocated to roots and accumulated
significantly in the root tips. These results partially match
with photoassimilate-partitioning results monitored using 11CO2
application (Ferrieri et al., 2013; Schmidt et al., 2015). Like
[11C], [18F]-radioactivity was allocated to root tips. However,
the relative percentage of [18F]-radioactivity translocated to
roots upon herbivory increased in FDG experiments, whereas
it decreased in 11CO2 experiments. The mismatch between
the distribution of [18F]-radioactivity vs. [11C]-radioactivity in
response to plant herbivory raises important doubts about
whether FDG is a true radiotracer for photoassimilate or its
translocation is similar to that of photoassimilate because it is
translocated via phloem vasculature.
In the third method of FDG uptake (uptake through root),
plant roots were placed in FDG solution (as in Li et al.,
2014; Partelová et al., 2014). Radiograms showed that very
little [18F]-radioactivity was translocated to parts above-ground.
The relative percentage of [18F]-radioactivity accumulated in
roots made up 60–99% of the total [18F]-radioactivity. Partelová
et al. (2014) explained that the root system represents a specific
site for FDG binding and is protected by a selective barrier
preventing FDG transfer from the root parenchymal cell to
the conductive tissue. Plant cells have been shown to take up
FDG from external media (Fatangare et al., 2014). Localized
uptake of FDG by the root cells, in combination with the
apoplastic pool of FDG in root hairs, may result in high [18F]-
radioactivity in root. The passive apoplastic flow of FDG toward
plant stele will be hindered by the Casparian strip barrier
at the root endodermis. This barrier could be crossed only
via the symplastic route, which requires FDG to be taken up
inside the cell. Plant cells can take up FDG from external
medium and metabolize it into FDG-6-P (Fatangare et al.,
2015). FDG and FDG-metabolites accumulate inside the cells,
resulting in localized concentrations of [18F]-radioactivity. FDG-
6-P transport across cells may be hindered at plasmodesmata,
thus restricting the passage of [18F]-radioactivity further to
vascular tissue. In our opinion, this mechanism results in the
highly localized concentration of [18F]-radioactivity observed in
roots. The Casparian strip, which limits the translocation of
solutes across the root endodermis, will form the selective FDG
barrier. Partelová et al. (2014) proposed that [18F]-radioactivity
transport occurs via bidirectional phloem flow. However, once
across the Casparian strip, [18F]-radioactivity may load into the
xylem or phloem to be translocated to above-ground plant parts.
For this reason, we could not disregard the possibility of xylem
transport in such a case.
What is Translocation Entity?
The chemical form in which [18F]-radioactivity translocates
via the plant vasculature has not yet been established. Ferrieri
et al. (2012) performed soluble sugar analysis from radio-
labeled petioles and distant plant parts. Their findings suggest
that [18F]-radioactivity translocates via the plant vasculature
in the form of intact FDG molecule. We performed EDTA
exudate analysis using mass spectrometry (MS) to determine
whether fluorine-containing compounds could be found in the
exudate. We found intact FDG in the phloem exudate. Partelová
et al. (2014) also suggested that FDG is transported via the
phloem. These findings contradict the idea that plants do not
generally transport monosaccharides such as glucose in the
phloem. Partelová et al. (2014) supported their claim by citing
the findings of van Bel and Hess (2008), which showed that
many members of families Ranunculaceae and Papaveraceae
translocated more than 80% of carbohydrates in the form of
hexoses. Liu et al. (2012) disputed the finding of van Bel and
Hess (2008) by demonstrating that sucrose is the prominent
translocation component in the phloem, rather than hexoses
(Liu et al., 2012). The appearance of hexoses in the phloem
sap collected by the EDTA exudation method was a procedural
artifact (Liu et al., 2012). However, Liu et al. (2012) also states
that plant vasculature is not incompatible with the long-distance
transport of hexoses but, rather, that hexoses (that is, reducing
sugars) are excluded from entry into the phloem by various
physiological processes. Thus, hexoses are not transported out
of leaves under normal circumstances and do not have access
to the phloem solely for mechanistic reasons. We performed
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Benedict’s and Tollen’s reagent tests, which showed that FDG is
a non-reducing sugar analog. Being non-reducing sugar, FDG
will not pose any harm to the phloem tissue. If FDG get loaded
into the phloem, it can translocate via plant vasculature without
adversely affecting transportation in the phloem. However, this
assumption raises further questions regarding the loading and
unloading mechanisms of FDG into the xylem or phloem which
should be addressed.
FDG METABOLISM IN PLANTS
Understanding FDG metabolism in plant tissue is crucial for
validating the role of FDG as radiotracer for plant imaging.
Previous research literature has described FDG imaging in
plants but has not provided a comprehensive picture of FDG
metabolism in plant cells.
2-Deoxy-2-fluoro-D-glucose has been used in clinical and
diagnostics studies relating to animals for decades. FDG uptake
and metabolism has been extensively studied in animal cells
(McSheehy et al., 2000; Kaarstad et al., 2002; Southworth et al.,
2003). In animal tissue, FDG is taken up by the cells via glucose
transporters (Higashi et al., 1998; Brown et al., 1999; Avril, 2004;
Yen et al., 2004) and phosphorylated to FDG-6-P by the action of
hexokinase or glucokinase (Sols and Crane, 1954; Bessell et al.,
1972; Smith, 2001). It was assumed that FDG-6-P underwent
no further metabolism and simply accumulated inside the cell
(Bessell and Thomas, 1973; Miller and Kiney, 1981; Reivich et al.,
1985; Suolinna et al., 1986).
Previously, FDG metabolism in plant cells was presumed to be
similar to that in animal cells (Hattori et al., 2008). Ferrieri et al.
(2012) reported that FDG was incorporated into anthocyanin
glycoside biosynthesis and used it as a measure of plant defense
induction. In their paper, Ferrieri et al. (2012) also raised the
possibility that there is another F-metabolite whose identity
has not yet been discovered. On the basis of A. thaliana cell
suspension experiments, we proposed that FDG, as the glucose
analog, is taken up into the cells via a low-affinity, facilitated-
diffusion process mediated by a HgCl2-sensitive protein carrier
at high external FDG concentrations (Fatangare et al., 2014).
Upon uptake, FDG metabolizes to various compounds. We
putatively identified the presence of four different fluorine-
containing metabolites (F-metabolites), F-gluconic acid, FDG-
6-P, F-maltose, and UDP-FDG, as FDG-derived metabolites on
the basis of exact mono-isotopic mass and MS/MS fragmentation
analysis (Fatangare et al., 2015). Two of the compounds (FDG-
6-P and F-maltose) were confirmed by NMR and two others
(F-gluconic acid and UDP-FDG) were putatively identified on
the basis of high resolution MS data. Ferrieri et al. (2012) had
proposed that FDG is incorporated into anthocyanin. However,
we were not able to detect the ion for fluorine-containing
anthocyanin glycosides (m/z 1344) in our negative or positive
mode direct infusion MS or LC–MS data (Fatangare et al.,
2015).
As the current proposed model of FDG metabolism suggests
(and as is depicted in Figure 3), upon uptake, FDG is transformed
into FDG-6-P via hexokinase-mediated conversion; this process
adds a negative charge to FDG and leads it to become trapped
inside the cell. However, FDG is also transformed into various
metabolites other than FDG-6-P. How F-gluconic acid is formed
remains unknown. The biosynthesis of F-maltose seems to
occur via the cytosolic component of the starch breakdown
pathway (Fatangare et al., 2015). FDG could be converted
into the F-maltose in vitro using the DPE2-mediated trans-
glycosylation reaction with glycogen acting as a glucosyl donor
(Tantanarat et al., 2012). The same DPE2-mediated trans-
glycosylation reaction mechanism is likely involved in the
biosynthesis of F-maltose. Previous studies have demonstrated
nucleotide-bound forms of FDG (Schmidt et al., 1978; Kanazawa
et al., 1996; Southworth et al., 2003) in animal tissues. We were
able to show conclusively that UDP-FDG is a nucleotide-bound
form of FDG. The biosynthesis of UDP-FDG in plants might
be similar to that described by Kanazawa et al. (1997). UDP-
glucose acts as a glucosyl moiety donor in various pathways such
as those responsible for the biosynthesis of starch, anthocyanin
or flavonoids. Considering the role of UDP-glucose in diverse
pathways, we propose that UDP-FDG may have been involved
in the biosynthesis of fluorinated anthocyanin (Ferrieri et al.,
2012).
FDG-6-P is known to reversibly epimerize into 2-deoxy-
2-fluoro-D-mannose-6-phosphate (FDM-6-P) by the catalytic
action of phosphoglucose isomerase (Kanazawa et al., 1986;
Kojima et al., 1988; Pouremad and Wyrwicz, 1991; O’Connell
and London, 1995). 2-Deoxy-2-fluoro-D-mannose (FDM)
metabolites such as FDM-1-P, FDM-1,6-biP and nucleotide
diphosphate-FDM (NDP-FDM) have been reported in animal
tissue (Kanazawa et al., 1996; Southworth et al., 2003). In their
study, Fatangare et al. (2015) did not deny the presence of
corresponding FDM-metabolites. Not all F-metabolites are
identified due to their low abundance or limitations of MS
and NMR detection techniques (Fatangare et al., 2015). Thus,
there might be many more undiscovered end-products of FDG
metabolism in plant cells.
To explain the observed FDG metabolism, we propose that
upon intracellular uptake, FDG is considered as an energy source
by the cell and is thus taken into the glycolytic pathway leading
to the synthesis of FDG-6-P. However, all the FDG could not
be metabolized into FDG-6-P, as building up levels of FDG-6-P
inside the cell slows down the transformation of the compound
through the feedback inhibition of hexokinase. FDG-6-P actually
becomes a catabolic block that brings glycolysis to a halt. This
process, which has already been shown in hypoxic animal tissue
(Datema et al., 1980; Kurtoglu et al., 2007), may cause the rest
of the free FDG to be pushed into F-maltose or F-gluconic
acid biosynthetic pathways (Figure 3). FDG-6-P may be further
transformed into FDG-1-P and finally to UDP-FDG as depicted
in Figure 3. UDP-FDG may also be involved in the formation
of fluorinated anthocyanins. The formation of various fluorine-
metabolites in plants can be a way for plants to cope up with
high intracellular concentrations of FDG, a known glycolytic
inhibitor. Thus, the biosynthesis of various F-metabolites could
be viewed as a way to use FDG as an energy source and/or a
corrective–protective mechanism in the plant cells to counteract
its consequences (Fatangare et al., 2015).
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FIGURE 3 | Schematics of the potential route of FDG uptake and metabolism in plant cells. FDG, 2-deoxy-2-fluoro-D-glucose; FDG-6-P, FDG-6-phosphate;
FDG-1-P, FDG-1-phosphate; UDP, Uridine-diphosphate; F-maltose, 2-deoxy-2-fluoro-maltose; Glu, glucose; DPE2, Arabidopsis disproportionating enzyme 2
(modified from Fatangare et al., 2015).
ROLE OF PET IN PLANT IMAGING
Positron-emitting short-lived radiotracers make in vivo imaging
possible. In previous plant radiotracer imaging experiments,
radiotracer localization was generally monitored using a
photostimulable phosphor-coated imaging plate (IP) to obtain
a static image of radiotracer distribution (Thorpe et al., 2007;
Hattori et al., 2008; Ferrieri et al., 2012). Alternatively, the
positron-emitting radiotracer imaging system (PETIS; Nakanishi
et al., 1999; Mori et al., 2000; Tsuji et al., 2002; Matsuhashi
et al., 2005), the planar positron imaging system (PPIS) (Uchida
et al., 2004; Matsuhashi et al., 2006) or a PET scanner have
been employed to study dynamic radiotracer distribution (Jahnke
et al., 2009; Converse et al., 2013; De Schepper et al., 2013;
Partelová et al., 2014). 2-Dimensional (2-D) imaging systems
such as IP, PETIS, or PPIS are well-suited for planar structures
such as plant leaves but cannot be employed for whole plants,
which require 3-D imaging capability. This limitation can be
overcome with the help of modern PET scanners. Unlike
IP, PETIS, or PPIS, a PET scanner can capture images of
3-D radiotracer distribution over time in vivo. Radiotracer
dynamics information obtained from PET scanner can be
complemented with corresponding anatomical or morphological
information to provide the spatial distribution of metabolic or
biochemical activity which is precisely aligned with underlying
tissue (Jahnke et al., 2009; Converse et al., 2013). Anatomical
information can be acquired using techniques such as magnetic
resonance imaging (MRI; Jahnke et al., 2009; Borisjuk et al.,
2012) or X-ray-computed tomography (CT; Dhondt et al.,
2010). Jahnke et al. (2009) demonstrated a MRI-PET co-
registration system which combined the anatomical information
of plants structures obtained from MRI with [11C]-radioactivity
information obtained from PET. The drawback of the MRI–PET
combination was that plants had to be measured separately in
MRI and PET scanners and thus experienced different external
environments during the experimental period. Converse et al.
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(2013) have used a microPET scanner to analyze the distribution
of [18F]-radio-isotope in Brassica oleracea. However, their
method lacked anatomical information from the corresponding
plant. Partelová et al. (2014) have demonstrated the application
of a microPET scanner to trace FDG in in vivo plant imaging.
Fatangare et al. (2014) used a bi-functional PET/CT modality
which coupled the morphological information of a plant derived
from CT with the corresponding radioactive signal derived from
PET to generate 4-D radiotracer dynamics. Integrated PET/CT
modality is an effective way to address the above concerns.
Because PET and CT scanners are embedded in the same
instrument, the plant does not have to be transferred during
PET/CT measurement and so the external environments of the
plants remain the same. The fusion of the PET and CT images
has been an effective way to deliver quantitative radioactivity
information about various plant parts (Fatangare et al., 2014).
The radioactivity results obtained from PET/CT match the
IP results. However, many limitations have also been noted in
PET/CT imaging. The resolution provided by PET/CT is around
5- to 10-fold lower than the resolution provided by the IP
imaging. This is evident when IP images are compared with
PET/CT images. PET/CT images are not sharp and show a halo
effect around the regions containing high radioactivity. Thin
planar leaf morphology results in a high number of escaping
positrons (Alexoff et al., 2011). Algorithms commonly used to
calculate radioactivity are not yet optimized to account for these
errors. So, new algorithms will be necessary: those that can
correct the errors in radioactivity concentrations by integrating
activity along the PET axis perpendicular to the leaf surface,
including the detection of escaped positrons, and by calculating
concentrations using a measured leaf thickness (Alexoff et al.,
2011). Despite these limitations (low resolution, quantitative
radioactivity calculation errors, and technical difficulties), the
strength of PET/CT lies in its ability to elucidate in vivo
radioactivity translocation. It is a powerful technique for
deciphering the allocation of carbon in plants on a systemic
(whole-plant) scale. The application of PET/CT will allow
changing carbon dynamics or flux allocation to be monitored in
the various parts of the plant as per the external environmental
conditions or applied biotic and abiotic stresses as exemplified in
Ferrieri et al. (2012) and Meldau et al. (2015).
CURRENT STATUS OF FDG
APPLICATIONS IN PLANT IMAGING
New radiotracers have tremendous impacts on medicine and
biology. Thus, the development of new radiotracers and the
discovery of novel applications of pre-existing radiotracers and
improving radiotracer imaging techniques are major areas in
current radiotracer research.
2-Deoxy-2-fluoro-D-glucose is already being used as a tracer
in plant imaging research. It was employed as a tracer for
photoassimilate (Hattori et al., 2008), or glycoside biosynthesis,
or (Ferrieri et al., 2012), or root-mediated uptake of glucosamine
(Li et al., 2014), or the visualization and quantification of solute
transport in plant tissue (Partelová et al., 2014), or studying
carbon allocation (Meldau et al., 2015). This great diversity of
FDG applications arises from the different methods of FDG
uptake and the purpose experimenters have in mind. There are
two main lines of thought concerning these methods: first, when
FDG is supplied through roots, it behaves as an entity dissolved
in water and it mimics the xylem-mediated transport of solutes.
This method could be used to measure glucose uptake by roots
and its translocation rate via the xylem. Casparian strip; however,
will impede FDG translocation and result in highly localized
concentrations of FDG in roots compared to neighboring parts.
Thus, absolute quantification in those neighboring parts will be
difficult. Second, when FDG is supplied through leaves, it is
taken up and metabolized like glucose in the leaf cells, giving
rise to a multitude of fluorinated metabolites. However, in both
of the above scenarios, a fraction of FDG also translocates
via plant vasculature. Meldau et al. (2015) found that [18F]-
radioactivity allocation in Nicotiana attenuata root tips decreased
after simulated herbivory. This result matches with the Schmidt
et al.’s (2015) finding that recently fixed [11C] carbon allocation
in secondary roots tips decreased after herbivory. The net [11C]
carbon allocation to roots, as opposed to [18F]-radioactivity,
was decreased after herbivory (Schmidt et al., 2015). In our
opinion, FDG behaves as an entity that has been translocated
via the phloem giving rise to translocation patterns that are
similar to but not exactly the same as patterns of photoassimilate.
Comparative imaging between 18FDG and 11CO2 may be
the best way to check whether [18F]-radioactivity allocation
can represent [11C] photoassimilate allocation. Translocation
patterns, however, differ greatly from plant to plant. Thus, we
propose to employ a single plant to conduct such comparative
imaging experiments using PET/CT. Because PET/CT allows for
non-invasive radiotracer monitoring, a single plant could be used
in two successive labeling experiments, first by 11CO2 and second
by FDG to compare the resultant radioactivity translocations
(Fatangare et al., 2014).
QUESTIONS AND CONSIDERATIONS IN
FUTURE FDG EXPERIMENTS
Optimizing the method of radiotracer introduction is one of
the important considerations for future experiments. If FDG
can be applied to leaf lamina without damaging the vascular
tissue, its translocation will be confined to the phloem. The
resulting radiotracer translocation will be representative of
phloem translocation. For leaf uptake experiments, the best way
to apply FDG is to gently prick the leaf on the abaxial leaf lamina.
Pricked spots should be distant from the midrib and should cause
minimal damage to nearby minor or major leaf veins. Isotonic
FDG solution (2–5 µL, ∼1–5 MBq/µl) should be applied at the
sites. The removal of the cuticle using abrasive paste or sandpaper
could be another way to improve the FDG uptake in leaf tissue.
For root uptake experiments, FDG solution (20–100 MBq in
total) should be applied to roots. Prior to imaging, FDG solution
should be removed; roots should be washed in distilled water
to remove unbound FDG and then placed in non-radioactive
nutrient medium. If compatible with the experimental aim, one
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may remove the FDG applied leaf or root prior to imaging the
plants. This will greatly reduce the halo effect produced by high
[18F]-radioactivity localized the leaf or root to which FDG has
been applied. Plant stage is one of the important determinants
influencing carbon allocation patterns. Thus for all comparative
experiments it is important to use individuals from one plant
species at the same growth stage.
There are still a few unanswered questions in this field. First
of all, it is known that FDG causes cytotoxicity in hypoxic
tumor cells (Lampidis et al., 2006; Kurtoglu et al., 2007). In leaf
uptake experiments, the localized application of FDG may result
in high cytoplasmic concentration of FDG in the surrounding
plant cells which in turn lead to cytotoxic effects (Fatangare
et al., 2015). Thus, the level at which FDG becomes toxic to
for plant cells should be investigated. After FDG application,
[18F]-radioactivity spreads through the leaf lamina. The relative
contribution of symplastic and apoplastic transport routes in
[18F]-radioactivity spread in the leaf lamina should be analyzed.
FDG is taken up by plant cells and metabolized to various
metabolites. Although we have some idea of the metabolites
and pathways involved, the picture of metabolism of FDG in
plant cells is not yet complete. There might be many unknown
FDG-derived metabolites that have not yet been reported. After
uptake, [18F]-radioactivity is seen translocated to various plant
parts via plant vasculature. Previous studies suggest that intact
FDG may be a translocation entity. This conclusion is contrary
to the idea that monosaccharides are generally not translocated
via the phloem. Analysis of phloem exudate collected using aphid
stylets will be good way to firmly establish the above claim.
Furthermore, one important question remains: how FDG, despite
being a monosaccharide glucose analog, is loaded/unloaded in
the plant vascular system. This question need to be addressed.
Apart from FDG, various other F-sugars have also been
utilized in plant research. Being sugar analogs, F-sugars are
recognized by various enzymes and transporters. Tantanarat
et al. (2012) tested 1-deoxy-1-fluoroglucose, FDG, 3-deoxy-
3-fluoroglucose (3-F-glucose), 4-deoxy-4-fluoroglucose, and 6-
deoxy-6-fluoroglucose (6-F-glucose) as substrates for the DPE2
enzyme from A. thaliana (AtDPE2). AtDPE2 was shown to
transglycosylate FDG, 3-F-glucose, and 6-F-glucose to form
corresponding F-disaccharide products (Tantanarat et al., 2012).
1-deoxy-1-flourofructose has been used as substrate for sucrose
synthase (Card and Hitz, 1984; Römer et al., 2001). 6-deoxy-
6-flourogalactose has been used to study the carbohydrate-
binding property of lectin, a compound found in elderberry bark
(Shibuya et al., 1987). 1-deoxy-1-fluorosucrose (1-F-sucrose), a
poor substrate for invertase (Hitz et al., 1985), has been used in
biochemical studies involving sucrose transport and metabolism
in maize (Schmalstig and Hitz, 1987a,b; Felker and Goodwin,
1988). 1-F-sucrose is found to be a good substrate for transporters
and sucrose synthase (Hitz et al., 1985, 1986). Thus, it has been
used to analyze the substrate specificity of the enzymes that
handle sucrose and transporters in the plant (Hitz et al., 1985,
1986; Damon et al., 1988; Lemoine et al., 1988; Römer et al.,
2001). The synthesis of 6-deoxy-6-fluorosucrose (6-F-sucrose)
was reported by Eklund and Robyt (Eklund and Robyt, 1988).
Recently, a new route to 6-F-sucrose synthesis has been developed
by Gao et al. (2014). Authors also proposed its application in
plant imaging using PET (Gao et al., 2014). Rotsch et al. (2015)
subsequently demonstrated that 6-F-sucrose translocation closely
resembles 14C-sucrose translocation in maize leaves. We think
1-F-sucrose or 6-F-sucrose can be a useful alternative to trace
the translocation of photoassimilate in plants and should be
experimentally validated.
SCOPE OF FDG APPLICATIONS
Understanding carbon allocation in vivo in crop plant is an
important area of research relevant to the application of FDG
in plant research. Carbon allocation dynamics in plants depends
on the relative strengths of various sinks and sources. In the
absence of any external influences, plants can be viewed as
intricate systems of carbon sources and sinks. The complex
interplay between various sinks and sources determines plant
productivity in terms of biomass accumulated in harvested
parts. However, the strength of various sinks and sources
changes rapidly when plants are subjected to external biotic and
abiotic factors. Such manipulation of carbon allocation dynamics
in plants could be employed to improve crop productivity
via controlled the alteration of photoassimilate partitioning.
Understanding carbon allocation and associated flux changes
in vivo in crop plant is key step in improving crops. FDG has
already been used to trace the changes in carbon allocation,
both on temporal and spatial scales. It can also be employed
to study source–sink transition and to measure source–sink
strengths. Because FDG and F-sucrose are fed in their intact
form, their translocation does not involve the lag time required
for carbon fixation as observed in 11CO2 experiments, and they
can also be used to unravel carbon allocation in the dark phase
when no photosynthesis can occur. FDG and/or its metabolites
translocate via the phloem, so real-time monitoring of [18F]-
radioactivity translocation may be used to measure rates of
phloem transport. It may also be useful for deciphering vascular
connectivity in a plant’s architecture. PET/CT easily allows for
in vivo imaging in plants. We believe that FDG application in
combination with PET/CT imaging in plants will play a key role
in deciphering dynamic changes in carbon allocation pattern
and fluxes in plants challenged by external biotic and abiotic
stresses.
AUTHOR CONTRIBUTIONS
AF came up with idea and made rough manuscript draft. AS
made the suggestions, corresponding changes, text editing and
final corrections prior submission.
ACKNOWLEDGMENT
The authors gratefully acknowledge a post-doctoral fellowship
grant to AF and the support of Max Planck Institute for Chemical
Ecology (Mass spectrometry/Proteomics research Group), Jena,
during this research.
Frontiers in Plant Science | www.frontiersin.org 8 May 2016 | Volume 7 | Article 483
fpls-07-00483 May 5, 2016 Time: 16:14 # 9
Fatangare and Svatoš FDG Imaging in Plants
REFERENCES
Alavi, A., Reivich, M., Jones, S. C., Greenberg, J. H., and Wolf, A. P. (1982).
“Functional imaging of the brain with positron emission tomography,” in
Nuclear Medicine Annual 1982, eds L. M. Freeman and H. S. Weissmann
(New York, NY: Raven Press), 319–372.
Alexoff, D. L., Dewey, S. L., Vaska, P., Krishnamoorthy, S., Ferrieri, R.,
Schueller, M., et al. (2011). PET imaging of thin objects: measuring the
effects of positron range and partial-volume averaging in the leaf of Nicotiana
tabacum. Nucl. Med. Biol. 38, 191–200. doi: 10.1016/j.nucmedbio.2010.
08.004
Avril, N. (2004). GLUT1 expression in tissue and 18F-FDG uptake. J. Nucl. Med.
45, 930–932.
Barrio, J. R., Huang, S. C., Melega, W. P., Yu, D. C., Hoffman, J. M., Schneider,
J. S., et al. (1990). 6-[18F] Fluoro-L-DOPA probes dopamine turnover
rates in central dopaminergic structures. J. Neurosci. Res 27, 487–493. doi:
10.1002/jnr.490270408
Bessell, E. M., Foster, A. B., and Westwood, J. H. (1972). The use of deoxyfluoro-
D-glucopyranoses and related compounds in a study of yeast hexokinase
specificity. Biochem. J. 128, 199. doi: 10.1042/bj1280199
Bessell, E. M., and Thomas, P. (1973). The effect of substitution at C-2 of
d-glucose 6-phosphate on the rate of dehydrogenation by glucose 6-phosphate
dehydrogenase (from yeast and from rat liver). Biochem. J. 131, 83. doi:
10.1042/bj1310083
Borisjuk, L., Rolletschek, H., and Neuberger, T. (2012). Surveying the plant’s world
by magnetic resonance imaging. Plant J. 70, 129–146. doi: 10.1111/j.1365-
313X.2012.04927.x
Brown, R. S., Leung, J. Y., Kison, P. V., Zasadny, K. R., Flint, A., and Wahl, R. L.
(1999). Glucose transporters and FDG uptake in untreated primary human
non-small cell lung cancer. J. Nucl. Med. 40, 556–565.
Card, P. J., and Hitz, W. D. (1984). Synthesis of 1′-deoxy-1′-fluorosucrose
via sucrose synthetase mediated coupling of 1-deoxy-1-fluorofructose with
uridine diphosphate glucose. J. Am. Chem. Soc. 106, 5348–5350. doi:
10.1021/ja00330a051
Converse, A. K., Ahlers, E. O., Bryan, T. W., Williams, P. H., Barnhart, T. E., Engle,
J. W., et al. (2013). Positron emission tomography (PET) of radiotracer uptake
and distribution in living plants: methodological aspects. J. Radioanal. Nucl.
Chem. 297, 241–246. doi: 10.1007/s10967-012-2383-9
Damon, S., Hewitt, J., Nieder, M., and Bennett, A. B. (1988). Sink metabolism
in tomato fruit?: II. Phloem unloading and sugar uptake. Plant Physiol. 87,
731–736. doi: 10.1104/pp.87.3.731
Datema, R., Schwarz, R. T., and Jankowski, A. W. (1980). Fluoroglucose-
inhibition of protein glycosylation in vivo. Inhibition of mannose and glucose
incorporation into lipid-linked oligosaccharides. Eur. J. Biochem. 109:331. doi:
10.1111/j.1432-1033.1980.tb04799.x
De Schepper, V., Bühler, J., Thorpe, M., Roeb, G., Huber, G., van Dusschoten, D.,
et al. (2013). 11C-PET imaging reveals transport dynamics and sectorial
plasticity of oak phloem after girdling. Front. Plant Sci. 4:200. doi:
10.3389/fpls.2013.00200
Dhondt, S., Vanhaeren, H., Van Loo, D., Cnudde, V., and Inzé, D. (2010). Plant
structure visualization by high-resolution X-ray computed tomography. Trends
Plant Sci. 15, 419–422. doi: 10.1016/j.tplants.2010.05.002
Eklund, S. H., and Robyt, J. F. (1988). Synthesis of 6-deoxy-6-fluorosucrose, and its
inhibition of Leuconostoc and Streptococcus D-glucansucrases. Carbohydr. Res.
177, 253–258. doi: 10.1016/0008-6215(88)85061-4
Fatangare, A., Gebhardt, P., Saluz, H., and Svatoš, A. (2014). Comparing 2-
[18F]fluoro-2-deoxy-D-glucose and [68Ga]gallium-citrate translocation
in Arabidopsis thaliana. Nucl. Med. Biol. 41, 737–743. doi:
10.1016/j.nucmedbio.2014.05.143
Fatangare, A., Paetz, C., Saluz, H., and Svatoš, A. (2015). 2-Deoxy-2-fluoro-
D-glucose metabolism in Arabidopsis thaliana. Front. Plant Sci. 6:935. doi:
10.3389/fpls.2015.00935
Felker, F. C., and Goodwin, J. C. (1988). Sugar uptake by maize endosperm
suspension cultures. Plant Physiol. 88, 1235–1239. doi: 10.1104/pp.88.
4.1235
Ferrieri, A. P., Agtuca, B., Appel, H. M., Ferrieri, R. A., and Schultz, J. C. (2013).
Temporal changes in allocation and partitioning of new carbon as 11C elicited
by simulated herbivory suggest that roots shape aboveground responses in
Arabidopsis. Plant Physiol. 161, 692–704. doi: 10.1104/pp.112.208868
Ferrieri, A. P., Appel, H., Ferrieri, R. A., and Schultz, J. C. (2012). Novel application
of 2-[(18) F] fluoro-2-deoxy-D-glucose to study plant defenses. Nucl. Med. Biol.
39, 1152. doi: 10.1016/j.nucmedbio.2012.06.005
Finazzo, S. F., Davenport, T. L., and Schaffer, B. (1994). Partitioning of
photoassimilates in avocado (Persea americana Mill.) during flowering and fruit
set. Tree Physiol. 14, 153–164. doi: 10.1093/treephys/14.2.153
Gao, X., Gaddam, V., and Harmata, M. (2014). A synthesis of 6-deoxy-6-
fluorosucrose suitable for PET applications. Carbohydr. Res. 400C, 14–18. doi:
10.1016/j.carres.2014.08.015
Gomzina, N. A., Vasil’ev, D. A., and Krasikova, R. N. (2002). Optimization
of Automated synthesis of 2-[18F]Fluoro-2-deoxy-D-glucose involving
base hydrolysis. Radiochemistry 44, 403–409. doi: 10.1023/A:10206893
14452
Hamacher, K., Coenen, H. H., and Stöcklin, G. (1986). Efficient stereospecific
synthesis of no-carrier-added 2-[18F]-fluoro-2-deoxy-D-glucose using
aminopolyether supported nucleophilic substitution. J. Nucl. Med. 27,
235–238.
Hattori, E., Uchida, H., Harada, N., Ohta, M., Tsukada, H., Hara, Y.,
et al. (2008). Incorporation and translocation of 2-deoxy-2-[18F] fluoro-
D-glucose in Sorghum bicolor (L.) Moench monitored using a planar
positron imaging system. Planta 227, 1181–1186. doi: 10.1007/s00425-00
8-0701-9
Higashi, T., Tamaki, N., Torizuka, T., Nakamoto, Y., Sakahara, H., Kimura, T.,
et al. (1998). FDG Uptake, GLUT-i glucose transporterand cellularity in human
pancreatic tumors. J. Nucl. Med. 39, 1727–1735.
Hitz, W. D., Card, P. J., and Ripp, K. G. (1986). Substrate recognition by a sucrose
transporting protein. J. Biol. Chem. 261, 11986–11991.
Hitz, W. D., Schmitt, M. R., Card, P. J., and Giaquinta, R. T. (1985). Transport
and metabolism of 1′-fluorosucrose, a sucrose analog not subject to invertase
hydrolysis. Plant Physiol. 77, 291–295. doi: 10.1104/pp.77.2.291
Jahnke, S., Menzel, M. I., Van Dusschoten, D., Roeb, G. W., Bühler, J.,
Minwuyelet, S., et al. (2009). Combined MRI–PET dissects dynamic changes
in plant structures and functions. Plant J. 59, 634–644. doi: 10.1111/j.1365-
313X.2009.03888.x
Kaarstad, K., Bender, D., Bentzen, L., Munk, O. L., and Keiding, S. (2002).
Metabolic fate of 18F-FDG in mice bearing either SCCVII squamous cell
carcinoma or C3H mammary carcinoma. J. Nucl. Med. 43, 940–947.
Kanazawa, Y., Momozono, Y., Ishikawa, M., Yamada, T., Yamane, H.,
Haradahira, T., et al. (1986). Metabolic pathway of 2-deoxy-2-fluoro-D-glucose
studied by F-19 NMR. Life Sci. 39, 737–742. doi: 10.1016/0024-3205(86)9
0022-6
Kanazawa, Y., Umayahara, K., Shimmura, T., and Yamashita, T. (1997). 19F NMR
of 2-deoxy-2-fluoro-D-glucose for tumor diagnosis in mice. An NDP-bound
hexose analog as a new NMR target for imaging. NMR Biomed. 10, 35–41. doi:
10.1002/(SICI)1099-1492(199701)10:1<35::AID-NBM447>3.3.CO;2-6
Kanazawa, Y., Yamane, H., Shinohara, S., Kuribayashi, S., Momozono, Y.,
Yamato, Y., et al. (1996). 2-Deoxy-2-fluoro-d-glucose as a functional probe
for nmr: the unique metabolism beyond Its 6-phosphate. J. Neurochem. 66,
2113–2120. doi: 10.1046/j.1471-4159.1996.66052113.x
Kojima, M., Kuribayashi, S., Kanazawa, Y., Haradahira, T., Maehara, Y., and
Endo, H. (1988). Metabolic pathway of 2-deoxy-2-fluoro-D-glucose and 2-
deoxy-2-fluoro-D-mannose in mice bearing sarcoma 180 studied by fluorin-
19 nuclear magnetic resonance. Chem. Pharm. Bull. (Tokyo) 36:1194. doi:
10.1248/cpb.36.1194
Kurtoglu, M., Maher, J. C., and Lampidis, T. J. (2007). Differential toxic
mechanisms of 2-deoxy-D-glucose versus 2-fluorodeoxy-D-glucose in hypoxic
and normoxic tumor cells. Antioxid. Redox Signal. 9, 1383–1390. doi:
10.1089/ars.2007.1714
Lampidis, T. J., Kurtoglu, M., Maher, J. C., Liu, H., Krishan, A., Sheft, V.,
et al. (2006). Efficacy of 2-halogen substituted D-glucose analogs in blocking
glycolysis and killing “hypoxic tumor cells. Cancer Chemother. Pharmacol. 58,
725–734. doi: 10.1007/s00280-006-0207-8
Lemoine, R., Daie, J., and Wyse, R. (1988). Evidence for the presence of a sucrose
carrier in immature sugar beet tap roots. Plant Physiol. 86, 575–580. doi:
10.1104/pp.86.2.575
Frontiers in Plant Science | www.frontiersin.org 9 May 2016 | Volume 7 | Article 483
fpls-07-00483 May 5, 2016 Time: 16:14 # 10
Fatangare and Svatoš FDG Imaging in Plants
Li, S., Liu, L., Jiang, H., Zhang, J., Pan, P., Zhang, S., et al. (2014). It was found that
amino sugar nitrogen was a new source of energy for plant. J. Agric. Sci. 6:45.
doi: 10.5539/jas.v6n2p45
Liu, D. D., Chao, W. M., and Turgeon, R. (2012). Transport of sucrose, not hexose,
in the phloem. J. Exp. Bot. 63, 4315–4320. doi: 10.1093/jxb/ers127
Margolis, H. A., Delaney, S., Vézina, L.-P., and Bellefleur, P. (1991). The
partitioning of 14C between growth and differentiation within stem-deformed
and healthy black spruce seedlings. Can. J. Bot. 69, 1225–1231. doi:
10.1139/b91-157
Matsuhashi, S., Fujimaki, S., Kawachi, N., Sakamoto, K., Ishioka, N. S., and
Kume, T. (2005). Quantitative modeling of photoassimilate flow in an intact
plant using the positron emitting tracer imaging system (PETIS). Soil Sci. Plant
Nutr. 51, 417–423. doi: 10.1111/j.1747-0765.2005.tb00047.x
Matsuhashi, S., Fujimaki, S., Uchida, H., Ishioka, N. S., and Kume, T. (2006). A new
visualization technique for the study of the accumulation of photoassimilates
in wheat grains using [11C] CO2. Appl. Radiat. Isot. 64, 435–440. doi:
10.1016/j.apradiso.2005.08.020
McSheehy, P. M. J., Leach, M. O., Judson, I. R., and Griffiths, J. R.
(2000). Metabolites of 2′-fluoro-2′-deoxy-D-glucose detected by 19F magnetic
resonance spectroscopy in vivo predict response of murine RIF-1 tumors to
5-fluorouracil. Cancer Res. 60, 2122–2127.
Meldau, S., Woldemariam, M. G., Fatangare, A., Svatos, A., and Galis, I. (2015).
Using 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) to study carbon allocation
in plants after herbivore attack. BMC Res. 8:45. doi: 10.1186/s13104-01
5-0989-z
Miller, A. L., and Kiney, C. (1981). Metabolism of [14C] fluorodeoxyglucose
by rat brain in vivo. Life Sci. 28:2071. doi: 10.1016/0024-3205(81)9
0657-3
Mori, S., Kiyomiya, S., Nakanishi, H., Ishioka, N. S., Watanabe, S., Osa, A., et al.
(2000). Visualization of 15 O-water flow in tomato and rice in the light and
dark using a positron-emitting tracer imaging system (PETIS). Soil Sci. Plant
Nutr. 46, 975–979. doi: 10.1080/00380768.2000.10409163
Nakanishi, H., Bughio, N., Matsuhashi, S., Ishioka, N.-S., Uchida, H., Tsuji, A.,
et al. (1999). Visualizing real time [11C] methionine translocation in
Fe-sufficient and Fe-deficient barley using a Positron Emitting Tracer
Imaging System (PETIS). J. Exp. Bot. 50, 637–643. doi: 10.1093/jxb/50.
334.637
O’Connell, T. M., and London, R. E. (1995). Identification of 2-fluoro-2-deoxy-D-
glucose metabolites by 19F (1H) hetero-RELAY. J. Magn. Reson. B 109:264. doi:
10.1006/jmrb.1995.9996
Partelová, D., Uhrovcˇík, J., Lesný, J., Horník, M., Rajec, P., Kovácˇ, P., et al. (2014).
Application of positron emission tomography and 2-[18F] fluoro-2-deoxy-D-
glucose for visualization and quantification of solute transport in plant tissues.
Chem. Pap. 68, 1463–1473. doi: 10.2478/s11696-014-0609-8
Phelps, M. E. (2004). PET:Molecular Imaging and Its Biological Applications. Berlin:
Springer.
Pouremad, R., and Wyrwicz, A. M. (1991). Cerebral metabolism of
fluorodeoxyglucose measured with 19F NMR spectroscopy. NMR Biomed. 4,
161–166. doi: 10.1002/nbm.1940040402
Reivich, M., Alavi, A., Wolf, A., Fowler, J., Russell, J., Arnett, C., et al.
(1985). Glucose metabolic rate kinetic model parameter determination in
humans: the lumped constants and rate constants for [18F] fluorodeoxyglucose
and [11C] deoxyglucose. J. Cereb. Blood Flow Metab. 5, 179–192. doi:
10.1038/jcbfm.1985.24
Römer, U., Nettelstroth, N., Köckenberger, W., and Elling, L. (2001).
Characterization of recombinant sucrose synthase 1 from potato for
the synthesis of sucrose analogues. Adv. Synth. Catal. 343, 655–661. doi:
10.1002/1615-4169(200108)343
Rotsch, D., Brossard, T., Bihmidine, S., Ying, W., Gaddam, V., Harmata, M.,
et al. (2015). Radiosynthesis of 6′-Deoxy-6′[18F]Fluorosucrose via automated
synthesis and its utility to study in vivo sucrose transport in maize (Zea mays)
leaves. PLoS ONE 10:e0128989. doi: 10.1371/journal.pone.0128989
Ruth, T. J., and Wolf, A. P. (1979). Absolute cross sections for the production
of 18F via the 18O(p,n)18F reaction. Radiochim. Acta 26, 21–24. doi:
10.1524/ract.1979.26.1.21
Sanchez-Crespo, A., Andreo, P., and Larsson, S. A. (2004). Positron flight in human
tissues and its influence on PET image spatial resolution. Eur. J. Nucl. Med. Mol.
Imaging 31, 44–51. doi: 10.1007/s00259-003-1330-y
Schieferstein, H., and Ross, T. L. (2013). 18F-labeled folic acid derivatives for
imaging of the folate receptor via positron emission tomography. J. Label.
Compd. Radiopharm. 56, 432–440. doi: 10.1002/jlcr.3104
Schmalstig, J. G., and Hitz, W. D. (1987a). Contributions of sucrose
synthase and invertase to the metabolism of sucrose in developing leaves?:
estimation by alternate substrate utilization. Plant Physiol. 85, 407–412. doi:
10.1104/pp.85.2.407
Schmalstig, J. G., and Hitz, W. D. (1987b). Transport and metabolism of a sucrose
analog (1’-Fluorosucrose) into Zea mays L. endosperm without invertase
hydrolysis. Plant Physiol. 85, 902–905. doi: 10.1104/pp.85.4.902
Schmidt, L., Hummel, G. M., Thiele, B., Schurr, U., and Thorpe, M. R. (2015). Leaf
wounding or simulated herbivory in young N. attenuata plants reduces carbon
delivery to roots and root tips. Planta 241, 917–928. doi: 10.1007/s00425-014-
2230-z
Schmidt, M. F., Biely, P., Krátký, Z., and Schwarz, R. T. (1978). Metabolism
of 2-deoxy-2-fluoro-D-[3H] glucose and 2-deoxy-2-fluoro-D-[3H] mannose
in yeast and chick-embryo cells. Eur. J. Biochem. 87:55. doi: 10.1111/j.1432-
1033.1978.tb12351.x
Schubiger, P. A., Lehmann, L., and Friebe, M. (eds) (2007). PET Chemistry. Berlin:
Springer.
Shibuya, N., Goldstein, I. J., Broekaert, W. F., Nsimba-Lubaki, M., Peeters, B.,
and Peumans, W. J. (1987). The elderberry (Sambucus nigra L.) bark lectin
recognizes the Neu5Ac(alpha 2-6)Gal/GalNAc sequence. J. Biol. Chem. 262,
1596–1601.
Smith, T. A. (2001). The rate-limiting step for tumor [18F] fluoro-2-deoxy-
D-glucose (FDG) incorporation. Nucl. Med. Biol. 28:1. doi: 10.1016/S0969-
8051(00)00177-3
Sols, A., and Crane, R. K. (1954). Substrate specificity of brain hexokinase. J. Biol.
Chem. 210, 581–595.
Som, P., Ansari, A. N., Atkins, H., Casella, V., Fowler, J., Gallagher, B., et al.
(1977). Biodistribution in normal and tumor bearing animals of F-18-2-
deoxy-2-fluoro-D-glucose (F-18-dg): a new agent for measuring myocardial
glucose-transport and metabolism. J. Nucl. Med. 18, 618.
Som, P., Atkins, H. L., Bandoypadhyay, D., Fowler, J. S., MacGregor, R. R.,
Matsui, K., et al. (1980). A fluorinated glucose analog, 2-fluoro-2-deoxy-D-
glucose (F-18): nontoxic tracer for rapid tumor detection. J. Nucl. Med 21,
670–675.
Southworth, R., Parry, C. R., Parkes, H. G., Medina, R. A., and Garlick, P. B. (2003).
Tissue-specific differences in 2-fluoro-2-deoxyglucose metabolism beyond
FDG-6-P: a 19F NMR spectroscopy study in the rat. NMR Biomed. 16, 494–502.
doi: 10.1002/nbm.856
Suolinna, E.-M., Haaparanta, M., Paul, R., Härkönen, P., Solin, O., and Sipilä, H.
(1986). Metabolism of 2-[18F]fluoro-2-deoxyglucose in tumor-bearing rats:
Chromatographic and enzymatic studies. Int. J. Radiat. Appl. Instrument. Part
B. Nucl. Med. Biol. 13, 577–581. doi: 10.1016/0883-2897(86)90141-8
Tantanarat, K., Rejzek, M., O’Neill, E., Ruzanski, C., Hill, L., Fairhurst, S. A.,
et al. (2012). An expedient enzymatic route to isomeric 2-, 3-and 6-
monodeoxy-monofluoro-maltose derivatives. Carbohydr. Res. 358, 12–18. doi:
10.1016/j.carres.2012.05.026
Thorpe, M. R., Ferrieri, A. P., Herth, M. M., and Ferrieri, R. A. (2007).
11C-imaging: methyl jasmonate moves in both phloem and xylem,
promotes transport of jasmonate, and of photoassimilate even after
proton transport is decoupled. Planta 226, 541–551. doi: 10.1007/s00425-00
7-0503-5
Tsuji A. U. H., Yamashita T., Matsuhashi S., Ito T., Mizuniwa C., Ishioka N. S.,
et al. (2002). “Uptake of 18FDG and 13NO–3 in tomato plants,” in TIARA
Annual Report 2001, Vol. 35, eds M. Saidoh, A. Toraishi, H. Namba, H. Itoh, S.
Tanaka, H. Naramoto, et al. (Takasaki: Japan Atomic Energy Research Institute),
103–104.
Uchida, H., Okamoto, T., Ohmura, T., Shimizu, K., Satoh, N., Koike, T., et al.
(2004). A compact planar positron imaging system. Nucl. Instruments Methods
Phys. Res. Sect. A Accel. Spectr. Detect. Assoc. Equip. 516, 564–574. doi:
10.1016/j.nima.2003.08.165
Ung, Y. C., Maziak, D. E., Vanderveen, J. A., Smith, C. A., Gulenchyn, K.,
Lacchetti, C., et al. (2007). 18Fluorodeoxyglucose positron emission
tomography in the diagnosis and staging of lung cancer: a systematic
review. J. Natl. Cancer Inst. 99, 1753–1767. doi: 10.1093/jnci/d
jm232
Frontiers in Plant Science | www.frontiersin.org 10 May 2016 | Volume 7 | Article 483
fpls-07-00483 May 5, 2016 Time: 16:14 # 11
Fatangare and Svatoš FDG Imaging in Plants
van Bel, A. J. E., and Hess, P. H. (2008). Hexoses as phloem transport sugars: the
end of a dogma? J. Exp. Bot. 59, 261–272. doi: 10.1093/jxb/erm294
Webb, J. A., and Gorham, P. R. (1964). Translocation of photosynthetically
assimilated C14 in straight-necked squash. Plant Physiol. 39, 663. doi:
10.1104/pp.39.4.663
Yen, T.-C., See, L.-C., Lai, C.-H., Yah-Huei, C. W., Ng, K.-K., Ma, S.-Y., et al. (2004).
18F-FDG uptake in squamous cell carcinoma of the cervix is correlated with
glucose transporter 1 expression. J. Nucl. Med. 45, 22–29.
Yu, S. (2006). Review of F-FDG synthesis and quality control. Biomed. Imaging
Interv. J. 2:e57. doi: 10.2349/biij.2.4.e57
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Fatangare and Svatoš. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 11 May 2016 | Volume 7 | Article 483
